Electronic structure and magnetic properties of ZrFe 2 with a cubic Laves phase are investigated by calculations based on the density functional theory. The total magnetic moment (m) of 3.14 µ B per formula unit (f.u.) is obtained at the experimental lattice constant (7.06Å), which is larger than 3.06 µ B /f.u. obtained at the theoretical equilibrium lattice constant (6.85Å). The localized 3d magnetic moment is in negative diffusive sp background moment. We predict a two-step magnetic collapse under pressure: one is from 3.06 µ B /f.u. to 1.26 µ B /f.u. at about 3.6 GPa, and the other is from 0.5 µ B /f.u. to nonmagnetic state at about 15 GPa. We understand this process by the changes of density of states. The magnetic moment decreases under the pressure in the vicinity of the experimental lattice constant with d ln m/dp = −0.038 GPa −1 . The spontaneous volume magnetostriction is 0.015. We suggest that the Invar effect of this alloy may be understood when considering the magnetic moment variation according to the Weiss 2γ-model.
I. INTRODUCTION
Magnetic collapse, either being transition from ferromagnetic state to paramagnetic state, or from high spin (HS) state to low spin (LS) state, under pressure, is a widely observed phenomenon. Experiments, such as hyperfine field measurements 1 , X-ray magnetic dichroism 2 , nuclear forward scattering 3 , can have a direct or indirect access to this phenomenon. Theoretical calculations based on density functional theory (DFT) were widely adopted to explain and predict it. For example, the HS-LS transition of transition metal monoxides (e.g. FeO,
MnO, etc.) under the hydrostatic pressure as high as about 200 GPa were predicted by where I is the Stoner parameter, which is weakly dependent on the atomic distance, while N(E F ), the density of states at the Fermi level, decreases as the band width increases under the pressure. At a certain critical pressure, the criterion is no longer satisfied, then the ferromagnetism cannot be sustainable. The magnetic moment collapse is highly expectable Magnetism was proposed to be entangled with the Invar effect, where the material shows almost zero temperature dependence of the volume in a certain temperature region. The
Invar effect is related to the magnetic collapse by the fact that the thermal expansion of the lattice can be (partly) compensated by the decrease of the lattice constant induced by the decrease of the magnetic moment at the same time 7 .
As an Invar alloy, together with other interesting properties, ZrFe 2 and its doped versions were investigated by many researchers. Shiga 8 reported the experimental evidence of the Invar effect in Laves phase intermetallic compounds, giving the spontaneous volume magnetostriction ω s in ZrFe 2 being 0.01. The ω s is defined in terms of the ratio of the equilibrium volumes in the ferromagnetic FM (V F M ) and the paramagnetic PM state (V P M )
The pressure dependence of the Curie temperature(T c ) was measured by Brouha 9 . T c was reported to be around 625 K at the ambient pressure. A negative dT c /dp up to hydrostatic pressure of 35 kbar showed the characteristics of the strong ferromagnetism, as they proposed, in which only one spin subband is fully occupied. The pressure dependence of the hyperfine field (H hf ) at the Fe site of ZrFe 2 was measured up to 0.8 GPa by Dumelow 10 .
The value of d ln H hf /dp was −7.3 ± 0.1 × 10 −4 /kbar. The total magnetic moment in ZrFe 2
were measured by two authors as summarized in Table I 13 , where the connection of Invar with magnetic moment frustration were disentangled.
In this work, we investigate the magnetic behavior of ZrFe 2 under hydrostatic pressures by DFT. We show that the magnetic moment evolution envolves three steps: a continuous transition from a high spin (HS) state to a low spin (LS) state, followed by a discontinuous decrease to a metastable state (MS), and finally arriving at a nonmagnetic (NM) state under successively increasing the pressure up to 26.0 GPa.
II. CALCULATION DETAILS
ZrFe 2 crystalizes in the C15 (space group Fd3m) structure Laves phase with two formula units per face centered cubic unit cell. The full-potential local orbital minimum basis band structure code (FPLO) 19 was used in our calculation. The local spin density approximation of Perdew-Wang 92 20 was adapted here. The number of k-points in the full Brillouin zone is 30 × 30 × 30, which can guarantee the convergence of the total energy to microHartree.
Both scalar relativistic and full-relativistic treatment were conducted and the results are compared. The fixed spin moment (FSM) calculations were used to investigate the possible multiple local energy minima with respect to the magnetic moment.
III. RESULTS AND DISCUSSIONS
A. magnetic moments at the equilibrium lattice constant
The calculated properties and their comparison with the experimental and other theoretical ones are listed in Table I However, it is within the systematic error of L(S)DA, which usually underestimates the lattice constant 21 . The total magnetic moment obtained at the theoretical lattice is 3.06
, which is quite deviated from the experimental ones, while the calculation using the experimental lattice constants gives acceptable total magnetic moments of 3. 12 , who shows that there were diffusive negative moment background, which were from the d electrons, as well as the sp electrons.
B. the magnetic collapse under the pressure
The variation of total magnetic moment with the lattice constants is shown in Fig. 1 .
The corresponding hydrostatic pressures of different magnetic states are shown in the inset
and also in the upper abscissa. Very obviously, the magnetic moment decreases continuously from the larger value of 3.14 µ B at a 0 = 0.706 nm to the smaller of 1.5 µ B at a 0 = 0.676 nm, corresponding to a hydrostatic pressure about 3.6 GPa. The pressure is calculated by taken the difference of the pressure at experimental lattice constant and the one considered. The electronic origin of the magnetic moment behavior under the pressure can be explored by the DOSs. According to Fig. 3 (a∼d) , which show the DOS evolution with the lattice constants, the relative shift of the DOSs of the up and down spins is the reason for the decrease of the magnetic moment: the DOSs of the up spin electrons shift to higher energy while those of the down spin electrons shift to the lower energy when the lattice constant is reduced from (a) to (d).
The shape of the DOSs near the Fermi level (E F ) determines whether the magnetism collapses gradually or sharply. From Fig. 3(a) , it is observable that at the experimental lattice constant the DOSs of the up spin, contributed mainly from the iron, has a gradual increase below the Fermi level, while the DOS of the down spin has a wide band dip about 0.8 eV below it and a sharp increase just above it. The majority states of the Fe and Zr resonate above E F , but the minority resonates below E F . This is the consequence of the covalent bonding. Thus an antiferromagnetic coupling between Fe and Zr is induced. Applying the pressure will broaden the bandwidth due to the increase of the overlapping between the orbitals. This decreases the majority spin population while increases the minority spin electrons in order to conserve the total electron number. This process of gradual decrease of the magnetic moment is shown in Fig. 1 , when the lattice constant is larger than 6.85Å.
The decrease of the magnetic moment results in the decrease of the exchange field which is proportional to the magnetic moment. Thus the exchange splitting of the majority and minority spin is reduced. This shifts the high peak of the down spin nonbonding bands downward. When the Fermi level passes through the high DOS peak of the minority spins ( Fig. 3(c) ), the magnetic moment is rapidly reduced, as shown in Fig. 1 partly because of the nonvanishing local magnetic moment above the transition temperature.
IV. CONCLUSIONS
In summary, we have shown that the pressure dependence of the magnetic moment in the cubic phase ZrFe 2 and elucidated it by the variation of the DOSs. The magnetic moment undergoes continuous transition from high spin state(3.14 µ B /f.u.) to low spin state (1.26 µ B /f.u.) at the hydrostatic pressure of 3.6 GPa, and further to lower spin state (0.5 µ B /f.u.) at about 14.9 GPa. The total magnetic moment collapses at the pressure about 15.3 GPa. We suggest that the Invar effect in this compound can be qualitatively understood by the spin flip transition due to the thermal excitation. We would also like to intrigue the experimentalist to investigate their volume (pressure) dependence of the magnetic and transport properties where the pressure are reachable in laboratories.
